ABSTRACT: A sustainable colony allowed investigations into attachment substrates, diet and temperature in the development of the immature stages of Cq. linealis and its local congener Cq. xanthogaster. As immatures, these mosquitoes attach to submerged plants for respiration, and various field-collected and laboratory-raised plants were compared with non-living substrates. Hydroponically-grown wheat plant seedlings provided the most suitable attachment substrate. Development and survival of immatures to eclosion were investigated with three types and three quantities of a standardized diet. Development and survival at rearing temperatures between 10° and 30° C were also investigated. Diet type appeared to have little influence on development. However, at the lowest diet quantity, development to pupation was significantly reduced while the highest diet quantity impacted on the eclosion of pupae. Mean duration of immature development for Cq. linealis increased as temperature decreased. Time from 1 st instar to median eclosion did not differ significantly between 23° C (6.0 weeks) and 25° C (5.3 weeks), although it was 10 weeks at 20° C, and 30° C was lethal. For Cq. xanthogaster, similarly, mean duration of immature development increased as temperature decreased, with development time from 1 st instar to median eclosion significantly longer at 20° C (7.5 weeks) compared to 23° C (5.0 weeks) and 30° C (4.0 weeks). Journal of Vector Ecology 44 (1): 138-148. 2019.
INTRODUCTION
Coquillettidia linealis (Skuse) and Coquillettidia xanthogaster (Edwards) belong to a group of mosquitoes that, as larvae and pupae, attach to the roots of emergent wetland plants, primarily for respiration. Many of these plants are specially adapted to withstand and grow in anoxic conditions typical of decompositional sediments by an increased development of aerenchyma (spongy, air-filled tissue) in the root system, through which oxygen diffuses or is 'pumped' (Dacey 1980 , Armstrong et al. 1991 . Although gas exchange between plant roots and Coquillettidia immatures has not been explicitly demonstrated, cross sections of Coquillettidia larvae in situ show the spiracular apparatus of the siphon penetrating aerenchyma of roots and indicate direct communication between the root air spaces and the tracheal system of larvae (Burton 1959 , Guille 1976 , Bosak and Crans 2002 . Coquillettidia larvae are unable to develop or survive extended periods without an attachment substrate for respiration and to facilitate molting (Haeger 1960) .
Coquillettidia species, and the similar Mansonia (which also have an obligatory association with aquatic vegetation), typically have been difficult to culture in the laboratory, and the requirement for an attachment substrate is a critical/ specific challenge for these species. A potential substrate must be suitable for larval development and be appropriate for mass culturing in laboratory conditions. Various artificial and natural substrates have been tested for Coquillettidia spp. and Mansonia spp. Natural substrates include plants that have either been collected directly from the field (Laurence and Smith 1958 , Haeger 1961 , Cheong et al. 1984 , Chiang et al. 1985 , Kiatfuengfoo and Sucharit 1987 , Sasikumar et al. 1986 , Seng et al. 1991 , and plants sprouted or grown in the laboratory (Gillett 1946 , Perry 1949 , Laurence 1960 , Haeger, 1961 , Guille 1973 , 1975 , Lounibos and Escher, 1983 , Merritt et al. 1990 . ' Artificial substrates' that have been tried include papers of various types (Wanson 1944 , Haeger 1960 , Laurence et al. 1962 , Cheong et al. 1984 , Chiang et al. 1985 , Sasikumar et al. 1986 , Kiatfuengfoo and Sucharit 1987 , Viswam et al. 1989 , polystyrene (Breeland et al. 1981) , and string (Haeger 1960 (Haeger , 1961 .
Of these, some papers and hydroponically-grown seedlings have been the most effective. Several Mansonia spp. colonies (Laurence et al. 1962 , Chiang et al. 1985 and a colony of Coquillettidia crassipes (Van der Wulp) (Chiang et al. 1986 ) have been established using various types of papers and cardboards. These were considered to be convenient as they were ready for immediate use, could provide more uniform results, were uncontaminated, and did not foul the water (Laurence and Smith 1958, Cheong et al. 1984 ), but they have not proved suitable for all species (Kiatfuengfoo and Sucharit 1987) . Guille (1973) investigated hydroponically-grown plants, including wheat (Triticum aestivum L.), rice (Oryza sativa L.) and beans (Phaseolus vulgaris L.) (variety not specified), and Coquillettidia richiardii (Ficalbi) and Coquillettidia buxtoni (Edwards) were successfully and conveniently reared on the roots of wheat seedlings (Guille 1973 (Guille , 1975 . In other plant studies, Mansonia uniformis (Theobald) and Mansonia africana (Theobald) were reported to have developed well on the seedlings of oats (Laurence 1960) , while wheat seedlings have also been used to examine attachment behavior of fieldcollected Coquillettidia perturbans (Walker) in the laboratory (Lounibos and Escher 1983) .
While attachment substrate is crucial to Coquillettidia and Mansonia colonies, it is not the only necessity for colonising these genera, and other conditions are likely to be important, such as larval diet and temperature. Coquillettidia larvae are predominantly suspension feeders and will also browse with mouth brushes on plant root surfaces whilst attached (Merritt et al. 1990 ). Gut content analyses of field-collected larvae suggest that bacteria are a major component of their diet (Guille 1973 , Merritt et al. 1990 , which is consistent with the larval habitat of these species being root masses in the organic, decompositional zone of vegetated swamps.
Diets that have been used for Mansonia colonies and for a colony of Cq. crassipes include some based on guinea-pig dung infusions (Laurence and Smith 1958 , Cheong et al. 1984 , Chiang et al. 1986 , and animal diet infusion (Laurence et al. 1962) or a Bacto Liver/yeast infusion. For Cq. perturbans, a Paramecium culture medium based on dog and rabbit chow was added to the larval rearing containers by Haeger (1961) .
The effects of different temperatures on larval growth and development and the thermal range in which Coquillettidia species normally function is not known. Multiple studies have reported development times, but rearing temperatures were rarely specified. Coquillettidia and Mansonia species typically have long immature development periods, lasting approximately one month for tropical species and longer for temperate species. For example, Cq. crassipes was maintained in both outdoor (28-30° C) and indoor (24-26° C) insectaries, but only one overall development period of 30.0 (± 2.89) d for both groups was given by Chiang et al. (1986) . Cq. xanthogaster developed from egg to adult in 21-26 d with a pupal period of 2-3 d (Perry 1949) , and Coquillettidia aurites (Theobald) developed from hatch to pupation in 33-47 d plus 5-6 d for the pupal period (Gillett 1961) . For the temperate species, Cq. richiardii, developed in an average of 54 d with 32-48 d for larvae and 7-12 d for pupae at 22-24° C (Gozhenko 1978) . Development from hatch to emergence for Cq. perturbans ranged from 27 to over 45 days in the laboratory (Haeger 1961) . Rearing conditions were not directly specified except for egg hatching, which occurred at 24° C. In the field, five Cq. perturbans adults emerged 83 to 117 days after several egg rafts were placed in barrels submerged in the marsh but again temperature or seasonal timing were not specified (McNeel 1932) . Determining the factors governing larval development and survival are critical to understanding adult mosquito abundance, especially in temperate species.
A colony of Cq. linealis had been established from adults field-collected at Port Stephens (NSW, Australia) and maintained according to the methods described in Johnson and Russell (2019) . Thereafter, various experiments were conducted to optimize those methods, and they will be reported here. Key factors for successfully establishing and enhancing the colony were finding a suitable attachment substrate for larvae and pupae, and developing a rearing medium with a high organic content. Both artificial and natural attachment substrates were tested for their suitability, and the development of larvae provided with different diets was assessed. The effect of temperature on larval development and survival of Cq. linealis was also examined, along with larvae of Coquillettidia xanthogaster, its occasional wetland companion species, which had been similarly colonized from adults field-collected in southeast Queensland.
MATERIALS AND METHODS

Source of experimental mosquitoes
For attachment substrate and larval diet experiments, Cq. linealis larvae were obtained from F 0 (field caught) or F 2 (colony) adults. For temperature experiments, Cq. linealis larvae were obtained from the F 4 of the laboratory colony onwards, and the experimental larvae were taken from at least four different egg rafts to control for possible maternal effects. Coquillettidia xanthogaster larvae were obtained from the F 4 onwards of the colony. Adult and immature mosquitoes were maintained at the standard insectary conditions of 24-27.5° C and 80 ± 5% relative humidity, with a 12:12 light:dark photoperiod.
Larval attachment substrates
Potential attachment substrates for Cq. linealis were tested for their effectiveness for larval and pupal development. Substrates were classified into three broad groups: wild plants taken from natural habitats, cereal seedlings grown hydroponically, and 'non-living' substrates. These were prepared as follows.
Each attachment substrate was prepared as described below and placed in a rearing container with deionized water. Between 0.1 and 0.3 g of food was added to P250 pots (white plastic round 250 ml pot) and up to 1.0 g for T1000 containers (clear plastic rectangular 1000 ml tray) with large plants. A further small pinch of food was added twice a week. Approximately 30-40 newly hatched larvae were placed in prepared containers. If sufficient larvae were available, at least three replicates were set up and trials were conducted according to the availability of larvae. Containers were checked for larval attachment after 24 h and then every 3-4 d, until larvae died or 2 nd instars were present, for up to two weeks. Attachment substrates were classified as suitable if 1 st instars attached and molted to 2 nd instars. Some non-living substrates on which only a few 1 st instars molted were tested for suitability for late instars. Twenty 4 th instars were placed in containers with the particular attachment substrate prepared as above. Containers were checked after 24 h for larval attachment, and then every 3-4 d for pupation or until death.
Field plants. 
Laboratory-reared plants
Oat, rice, sorghum and wheat seedlings were grown hydroponically on fiberglass mesh over water according to the procedure for wheat plants described in Johnson and Russell (2019) . Briefly, seeds were soaked overnight, and then spread out over strip of fiberglass mesh which was secured over a small pot filled with water. Seeds were left to sprout and grow roots. After 4-8 d, the fiberglass mesh strip was transferred to a clean P250 container of water.
Non-living substrates
Balsawood was cut into lengths the diameter of the P250 pots or width of T1000 trays. A single piece was wedged into P250 pots to a depth of 5-10 mm from base of container. Four pieces were wedged 10 mm apart in T1000 tray to a depth of 5-10 mm from base of tray. 'Loofah sponge' , the dried fibrous centre of the gourd of the Luffa sp. plant, was used to simulate dense root mass of emergent plants growing in organic sediments. Segments of loofah were cut to fit into P250 pot and a band was placed over top to keep the piece of loofah immersed.
Two types of paper were tested, 'Keaykolour' plain white (substance 250 gsm), which was similar to the paper type used for Cq. crassipes by Chiang et al. (1986) except that it was smooth rather than textured, and 'Canson' offset plain white paper (substance 240 gsm) (Vivaldi Teintes Franches). The papers were cut into strips the height of the P250 container, folded 4-6 times in concertina-fashion, and placed in P250 containers with a band over the top to keep the paper immersed. Papers were replaced every three days as they became water-logged. Polystyrene strips 20-30 mm thick were cut into lengths the diameter of the P250 pot and any smooth sides were roughened by scoring the surface with a scalpel. Pieces of polystyrene were wedged into the container to a depth of 5-10 mm from the base (not floating) and a band was placed over the top to keep the polystyrene immersed. Plastic string was cut into 40 cm lengths and coiled to fit on the base of a P250 pot.
Larval diet
The effects of different quantities of larval diet on survival and development of Cq. linealis were examined. The larval diet for the colonies consisted of a 1:1 ratio of finely ground fish food (Wardley's® Goldfish Food Flakes, Original Formula, Wardley Corporation, New Jersey, USA) to dried baker's yeast (Tandaco Dry Yeast, Cerebos Foods, Seven Hills, New South Wales, Australia), hereafter referred to as 'FFY' . Three quantities of FFY were tested; 0.1 g ('low'), 0.3 g ('medium'), and 0.6 g ('high') per 500 ml water and a control where no food was added, with three replicates per treatment. Forty newly hatched 1 st instars (< 5 h-old) were placed in P500 pots containing 500 ml deionized water, a strip of wheat plants and the treatment quantity of diet. Every five days (from day five), water was gently poured out of containers, and clean deionized water and half the treatment quantity of diet (i.e., 0.05, 0.15, or 0.30 g) was added. Any larvae that were poured out of the container were returned. Plants were changed every ten days. Larvae were removed from roots, counted according to instar and placed in a clean P500 with 500 ml deionized water, a new strip of wheat plants, and the full quantity of diet. However, at the appearance of pupae, water was changed (and half food added for the remaining larvae) at four-day intervals and plants were changed at eight-day intervals. Pupae were removed every four days, rinsed in clean water and placed on filter paper until emergence. Adults were killed by freezing after 24 h following emergence. Wing length, as an indicator of adult size (Nasci 1990 ), was measured from the alular notch to the apical margin, excluding fringe scales. Percentage survivals from 1 st instar to pupation, from 1 st instar to emergence, and from pupation to emergence were arcsin transformed and analyzed via ANOVA (SPSS for Windows, Version 11.0.1 for students 2001, SPSS Inc., Chicago).
As live yeast was a common component to diets used in established Coquillettidia and Mansonia colonies (e.g. Chiang et al. 1986 ), the effect of the addition of dried baker's yeast on survival and development of Cq. linealis was examined. Three diets were tested; 0.3 g fish food and yeast (FFY), 0.3 g yeast only (Y), and 0.3 g fish food only (FF). The testing procedure was similar to the procedure for the diet quantity experiment, except a different feeding schedule was used. From the beginning of the experiment, water was replaced and half quantity (0.15 g) of treatment diet added every four days, and plants and water were changed and the full quantity of diet added every eight days. Percentage survivals from 1 st instar to pupation, from 1 st instar to emergence, and from pupation to emergence were analyzed as above.
Development temperatures
Coquillettidia linealis. The effect of temperature on development of immatures of Cq. linealis (primarily a temperate climate species) was tested in constant temperature water baths separately maintained at 10°, 15°, 20°, 23°, 25°, and 30° C. All immatures were exposed to a 12:12 light:dark photoperiod. For treatment temperatures 15° to 30° C, rearing pots (P250 and P500) were prepared with a strip of wheat seedlings, deionized water and 0.3 g of larval diet, FFY. For each treatment temperature, 160 newly hatched larvae were divided into four prepared P250 pots (40 per pot) and placed in a constant temperature water bath maintained at the specified rearing temperature ± 0.5° C. After seven days, larvae were transferred to four P500 containers with new wheat plants, fresh deionized water and 0.3 mg food. Plants and water (cooled/warmed to appropriate temperature) were changed every seven days and 0.3 mg diet added. The water level was checked and topped up every four days. When the plants were changed, the number of surviving larvae and stages of development were recorded. Pupae were removed twice a week when water levels were topped up and when plants were changed. Pupae were placed on damp filter paper in enclosed containers and returned to water baths until emergence. Adults were killed by freezing after 24 h. Wing length, as an indicator of adult size, was measured from the alular notch to the apical margin, excluding fringe scales as mentioned above. Percentage survival rates (from 1 st instar to pupation and from 1 st instar to emergence) were arcsin transformed and analyzed via ANOVA (SPSS 2001).
The mean overall development times and age at molting for different instars were analyzed via ANOVA (SPSS 2001) .
A different set up was required for the 10° C experiment. In contrast to the above procedure, the development of 2 nd , 3 rd , and 4 th instars was tested as separate instar groups. First instars were not tested due to space limitations and because most larvae molted to 2 nd instar when acclimating to low temperatures. Larvae were allowed to acclimate by gradually exposing them to decreasing temperatures (20° and 15° C) over a period of 10-12 days before being used in the experiments. Larvae were selected from cohorts of egg batches that had hatched over a 2-d period. For each instar group, 75 larvae were divided equally into three P250 containers with 250 ml cold deionized water and 0.15 mg food and placed in the water bath. After 7 d the wheat plants and water (cooled to 10° C) were changed and 0.3 mg of FFY added, but thereafter these were changed and food added every 14 d and water levels topped up every other week. When the plants were changed, the number of surviving larvae and stage of development were recorded. Pupae were removed when water levels were topped up and when plants were changed. Pupae were placed on damp filter paper in enclosed containers and returned to water baths until emergence. Adults were killed by freezing 24 h after emergence and wing lengths were measured as above.
Coquillettidia xanthogaster. The effect of temperature on development of immatures of Cq. xanthogaster (primarily a tropical climate species) was investigated at three temperature treatments: 20°, 23°, and 30° C. Experiments were set up and data collected as described above for Cq. linealis at these temperature treatments.
Feeding activity at various temperatures
Feeding activity rates, as a measure of metabolic activity, were investigated for Cq. linealis at different temperatures, based on the methodology of Dadd (1968) , and Mulla and Rodcharoen (1996) , in which larvae were fed a suspension of visible non-nutritious particles and the rate at which the column of visible carbon particles was displaced by food indicated the feeding/ingestion rate.
The feeding rates of larvae were examined at constant temperatures of 8°, 10°, 15°, 20°, 25°, and 30° C. Larvae were maintained at these temperatures for 7-14 d, except for the 30° C temperature where larvae were exposed to this temperature for only three days before being tested.
At each experimental temperature except 8° C, 4 th instar larvae were starved for 24 h, then placed in a clean P500 container with a prepared strip of wheat plants and left for one hour to attach. Larvae were fed a carbon particle solution of 0.5 ml of soluble Black Indian Ink (Winsor and Newton, London, United Kingdom) in 500 ml deionized water. After 24 or 48 h larvae were removed, immersed briefly (<1 minute) in very cold water and placed on a cold slide to immobilise them, and examined under a dissecting microscope to confirm complete ingestion of carbon particles. Only larvae with guts completely glutted with carbon particles were used in experiments. To examine the rate that carbon particles were displaced by food, 20 larvae each were placed in four P500 containers prepared with a strip of wheat plants and 500 ml deionized tap water that was first cooled or warmed to the experimental temperature. Containers were returned to the water bath at the treatment temperature and left for five min for larvae to attach to plant roots. A slurry of 0.2 g of FFY mixed with approximately 50 ml of deionized water was added to each container. At 2, 12, 24, 36 and 48 h, one of the containers was removed from the water bath and larvae were detached from the wheat seedling roots. Larval guts were examined under the microscope after immobilising larvae in cold water as above. The position of the carbon particles in the gut was noted and larvae were scored for the amount of food ingested. The number of larvae that had reached complete repletion where no carbon particles were visible in any part of gut was counted at each time interval. In addition, six 4 th instar larvae maintained at 8° C for two months were also tested. The larvae were treated as above, except they were examined for ingestion at 2, 12, 24, and 48 but not 36 h.
RESULTS
Larval attachment substrates
Potential attachment substrates were considered suitable if 1 st instar Cq. linealis attached and molted (Table 1) . Larvae readily attached to I. prolifera roots, wheat and sorghum seedling roots, molted to 2 nd instar and could complete development on these plants. Larvae did not attach to other field-collected plants. Oat and rice plants were difficult to germinate, root growth was poor in comparison to wheat, and plants deteriorated before larvae molted. Non-living substrates were generally unsuitable. First instars attached to balsawood, 'Keaykolour' paper, and polystyrene but only a small proportion molted. No larvae attached to 'Canson' paper or loofah sponge. Fourth instars attached and pupated on polystyrene but not on 'Keaykolour' paper, balsawood, or string.
Larval diet
Diet quantity. Development success (from 1 st instar to adult) was greatest for larvae reared on the 'medium' diet and this difference was significant compared with the 'high' diet but not the 'low' diet (one-way ANOVA F 2,8 =11.580, p<0.05) ( Table 2) . Pupation rates for larvae reared on the 'medium' diet were significantly greater than the 'low' diet (one-way ANOVA F 2,8 =5.603, p<0.05), but as the eclosion rate (pupae to adult) was similar for both treatments (one-way ANOVA F 2,8 =7.145, p<0.05), due to high variability within treatments, this difference was not seen in the overall development success. There were no differences in pupation rates of larvae on 'high' diet compared with the other diets, but the eclosion rate and overall development success were significantly lower. Larvae provided with the 'control' diet (i.e., no food) died within eight days.
Mean (± SE) wing lengths of females (2.98 ± 0.02 mm) and males (2.82 ± 0.02 mm) reared on the 'medium' diet were significantly larger than mean (± SE) wing lengths of those reared on the 'low' diet (female 2.86 ± 0.04 mm and male 2.72 ± 0.02 mm) (two-way ANOVA F 3,52 =25.475, p<0.001). Because only three adults emerged in the 'high' larval diet (Table 3) . Variation between replicates was high overall for all treatments but was the lowest (apart from pupation rate) for the FFY treatment.
Isolepis prolifera
The mean (SE) wing lengths of females (3.12 ± 0.02) and males (9.92 ± 0.02) reared on a larval diet of yeast only (Y) were slightly but significantly larger than adults reared on either FFY (females: 3.05 ± 0.02, males: 2.86 ± 0.01) or FF (females: 3.02 ± 0.02, males: 2.85 ± 0.01) (two-way ANOVA F 5,121 =50.952, p<0.001).
Development temperatures
Coquillettidia linealis. The mean (± SE) survival rate of Cq. linealis larvae in the control containers was 37.0 ± 0.1 % and only differed significantly from the lowest temperature of 15° C (one-way ANOVA F 4,20 =9.426, p<0.000).
The temperature of 30° C was lethal for Cq. linealis, as only two larvae molted to 4 th instar after three weeks and none pupated. At the four lower temperatures, larval survival rates to adult eclosion at 15° C were significantly lower (4.0%) than 65.9 ± 5.1a 67.0 ± 14.9a 71.9 ± 13.7a 1 (number of adults/number of 1 st instars) x 100. 2 (number of pupae/number of 1 st instars) x 100. 3 (number of adults/number of pupae) x 100. 4 row means followed by the same letter are not significantly different (Tukey HSD, p>0.05). Table 4 . Mean (±SE) survival of Cq. linealis 1 st instars to adult eclosion and pupation, and mean age at molting for larvae, pupae, and adults at five temperatures in the laboratory. for larvae at 20° C (25.0%), 23° C (40.0%), and 25° C (21.9%) (one-way ANOVA F 3,15 =8.076, p<0.05). Mean survival rates to pupation (from 1 st instar to pupa) differed as for adult survival (one-way ANOVA F 3,15 =12.072, p<0.05) ( Table 4 ), except that pupation at 15° C was significantly lower than the three other treatments including 25° C.
The mean duration of immature development increased as temperature decreased. Development time from 1 st instar to median eclosion did not differ significantly between larvae reared at 23° C (6.0 weeks) and 25° C (5.3 weeks), but was significantly longer at both 15° C (20.0 weeks) and 20° C (10 weeks) (one-way ANOVA F 3,15 =130.714 p<0.000), and likewise for development time from 1 st instar to median pupation (one-way ANOVA F 3,15 =599.000, p<0.05) ( Table  4) . Pupal development lasted five days at 23° C and 25° C, between five and six days at 20° C and at least 14 days at 15° C, although this is not clearly represented in Table 4 as development time is represented on a weekly scale.
At 10° C, larval growth and development continued as some 2 nd , 3
rd and 4 th instars in each of the groups molted to at least the next development stage. Some larvae from the groups of 3 rd and 4 th instars pupated, but no adults emerged. Survival was the lowest in the 2 nd instars. At week five, 49% were alive and one larva survived until 39 weeks. A mean of 3% molted to 3 rd instar. Of the group of 3 rd instars, 55% were alive at week 21 and all survivors had molted to 4 th instar by week 27. The maximum survival time was 45 weeks. A mean of 4% pupated. In the 4 th instar group, 51% were alive (including those that had pupated) by week nine and the maximum survival time was 36 weeks. A mean of 24% pupated.
Wing lengths of Cq. linealis from replicates at each temperature were grouped. At all temperatures, the mean wing length of females was significantly greater than that of males (two-way ANOVA, F 1,122 = 245.199, p<0.01). Mean (±SE) wing lengths of females reared at 20° C (3.24mm±0.03) were significantly greater than at the higher temperatures and wing lengths of females reared at 23° C (3.05±0.02) were significantly greater than those reared at 25° C (2.88 ±0.01) (one-way ANOVA, F 2,61 =89.991, p<0.01). No females emerged at 15° C. Wing lengths of males reared at 15° C (3.00±0.04) and 20° C (2.98±0.01) were significantly greater than for males reared at 23° C(2.81±0.02) and 25° C(2.66±0.02), (oneway ANOVA, F 3,61 =54.376, p<0.01) Coquillettidia xanthogaster. Cq. xanthogaster developed to pupae and adults at the three temperatures tested although percent larval survival to adult eclosion was significantly highest at 23° C compared to 20° C and 30° C for adults (oneway ANOVA F 2,9 =74.776, p<0.01) and pupae (F 2,9 =65.128, p<0.05) ( Table 5 ). The mean (± SD) survival rate of Cq. xanthogaster larvae in the control containers was 46.5 ± 8.8%. Survival rate differed significantly to larvae maintained at 20° C and 30° C, but not 23° C (one-way ANOVA F 3,11 =45.867, p<0.01) ( Table 5 ). The mean duration of Cq. xanthogaster immature development increased as temperature decreased. Development time from 1 st instar to median eclosion was significantly longer at 20° C (7.5 weeks) compared to 23° C (5.0 weeks) and 30° C (4.0 weeks) (one-way ANOVA F 2,12 =117.000, p<0.01). Likewise for development time from 1 st instar to median pupation (one-way ANOVA F 3,12 =133.000, p<0.01) ( Table 5 ). 
Feeding activity at various temperatures
All larvae of Cq. linealis except for those maintained at 8° C ingested food to repletion within 48 h, with larvae at the warmer temperatures ingesting food at a faster rate than those at cooler temperatures (Figure 1) . At 8° C, ingestion was very slow and 40% had only partially ingested food after 48 h.
DISCUSSION
The roots of hydroponically-grown wheat plant seedlings provided the most suitable attachment substrate for Cq. linealis larvae and pupae. The structure of wheat roots was suitable for larvae to pierce and to maintain an attachment, and also supplied sufficient oxygen for metabolic demands in the highly organic media. Thomson et al. (1990) demonstrated the formation of aerenchyma and continuity of air spaces from shoot to roots in young (4-28 day old) seedlings grown in stagnant water. As importantly, the wheat plants could be grown under insectary lighting and temperature conditions, and were convenient and manageable for large-scale use (Johnson and Russell 2019a) . Oat, rice and sorghum seedlings were rejected because they were difficult to grow in large quantities in the laboratory. Guille (1973) , likewise, was unable to rear Cq. richiardii with bean or rice seedlings and had the most success using wheat.
Field-collected plants, in particular floating plant species such as Salvinia, were not suitable for Cq. linealis. These species have been commonly used in successful colonizations for Mansonia rather than Coquillettidia species (e.g. Laurence et al. 1962 , Chiang et al. 1986 ). In laboratory cultures, Cq. linealis larvae, like Cq. perturbans (Merritt et al. 1990) , preferred the bottom of the rearing containers, and were therefore more likely to attach to roots at the base of the container. In the field, Cq. perturbans larvae were significantly more abundant on emergent grass or sedge species than on floating plants such as Azolla sp., Salvinia sp. or Eichhornia sp., (Slaff and Haefner 1985, Morris et al. 1990) . Isolepis prolifera was not used for the colonies, apart from in oviposition pots, because a large supply could not be guaranteed, and copepods, which were observed feeding on unattached larvae, were often accidentally introduced with the plants despite repeated washing.
The use of 'non-living' substrates was generally unsuccessful; 1 st instars attached to some of the substrates but only a small proportion molted to 2 nd instar. Even if the micro-structure allowed larvae to maintain a hold, oxygen supply may not have been sufficient for metabolism, especially if larvae moved and detached frequently. Although several Mansonia species and Cq. crassipes have been successfully colonized using paper (Chiang et al. 1985 (Chiang et al. , 1986 , it has not proved suitable for all species, including some Mansonia (e.g., Kiatfuengfoo and Sucharit, 1987) and some Coquillettidia (including this investigation). The paper became waterlogged very quickly and the high organic content of the rearing medium accelerated deterioration. Chiang et al. (1985 Chiang et al. ( , 1986 found paper to be convenient to use and to provide more uniform results (in comparison to using field collected plants), but other authors have claimed that the frequent replacement required was too labour-intensive and inconvenient (e.g., Guille 1973 69.0 ± 5.0b 7.0 ± 1.8c
to adult eclosion 22.5 ± 3.5a 56.0 ± 7.3b 3.5 ± 1.7c
Age at molting ( 7.5 ± 0.6a 5.0 ± 0b 4.0 ± 0c (Breeland et al. 1981) attach and pupate on polystyrene, but with poor survival. No other Coquillettidia larvae have been successfully reared through on polystyrene and trials with Mansonia species also have been unsuccessful (Sasikumar et al. 1986 , Kiatfuengfoo and Sucharit 1987 , Viswam et al. 1989 . In larval diet experiments, differences between treatments were not easily detected. The highly organic rearing media required by larvae, as well as the general exponential nature of microorganism growth, meant that consistency between treatments could not be maintained. This resulted in high variability within treatments and large sample sizes were unavailable., Nevertheless, diet type appeared to have little influence on development success of Cq. linealis. The diet of combined fish food and yeast (FFY) provided slightly more consistent development success compared with either fish food or yeast alone. Similarly, Chiang et al. (1985 Chiang et al. ( , 1986 did not find major differences in survival rates using various larval diets and adopted a liver powder/yeast diet for convenience and standardization.
In comparison, diet quantity, and the associated organic content level, had a greater influence on larval development. Previous investigations of larval rearing media for Coquillettidia and Mansonia species have compared food types only and did not assess the effect of food quantity on larval development and survival. In the present study with Cq. linealis, the 'medium' diet resulted in the highest survival rates (although the difference was not significant) and was used successfully in the colony rearing containers (Johnson and Russell 2019) . It produced a slightly putrefied medium that was particularly suitable for early instars. This quantity was comparable to the standard diet selected for Cq. crassipes and three Mansonia species in Malaysia (Chiang et al. 1985 (Chiang et al. , 1986 . The quantity of food supplied to Cq. linealis, 60 mg/100 ml in 1000 ml water (or 8 mg/larva for 2 nd to 4 th instars) was comparable to the standard diet (Bacto Liver/yeast infusion) selected for Cq. crassipes and three Mansonia species; one application of 100 mg/100 ml in 3,000 ml water (or 12 mg/ larva) at the beginning of the culture, plus regular additions of yeast (Chiang et al. 1985 (Chiang et al. , 1986 .
The 'low' diet provided barely sufficient nourishment for larval growth and development, as significantly fewer Cq. linealis pupated and these were smaller as adults compared with those reared on the 'medium' diet. This suggests that only a few 4 th instars reached a 'critical threshold weight' (or quantity of metabolic reserves) for pupation, as has been demonstrated for Aedes aegypti L. (Chambers and Klowden 1990) . Indeed, an inadequate or unsuitable diet was probably a major cause of many of the early failures in colonizing Cq. linealis, and possibly other Coquillettidia species as well. These failures may have been caused by attempts to maintain clean cultures that are generally required for rearing mosquitoes in the laboratory (e.g., Laurence et al. 1962) . But, Coquillettidia larvae attach to roots in benthic decompositional zones and are likely to be more tolerant of, and possibly even require, highly organic conditions for survival. Guille (1973) found that bacteria growing on wheat plants were sufficient for Cq. richiardii larval growth and added food (bread crumbs and dog food) if the water looked too clean.
However, a highly putrefied media may also cause negative toxic effects that are not apparent until eclosion. Coquillettidia linealis larvae provided with a 'high' diet appeared to develop to pupation equally as well as larvae on the 'medium' diet, but only a very small proportion (2.5%) emerged successfully. This high pupal mortality rate may have been caused by prolonged exposure to hypoxic conditions in the organic rearing media. Some mosquito species, for example Culex pipiens L. larvae, have very low tolerance to hypoxia and rapidly accumulate large amounts of lactic acid under these conditions (Scholz and ZerbstBoroffka 1998) . Although Cq. linealis larvae are in a hypoxic environment in the swamp, the oxygen supply from wheat plants in the laboratory may not have been sufficient to prevent anaerobiosis or maintain osmotic balance. This may have resulted in the accumulation of metabolic waste products to toxic levels and inhibited metamorphosis. Therefore, while a rearing medium with a high organic content is required for Cq. linealis development, a very putrefied medium inhibited development. The type of attachment substrate may have an overriding influence in such situations.
The functional thermal tolerance limits of Cq. linealis immatures ranged from approximately 10° C up to 25-30° C. The six week development period at 23° C was long, but typical of Coquillettidia species in general, including the temperate Cq. richiardii, which completes development in 54 d at 22-24° C (Gozhenko 1978) . A temperature of 25° C was optimal for rearing Cq. linealis in the laboratory as development was relatively fast while the mortality rate was minimal.
This thermal range reflects the ecology of Cq. linealis in the field. In mid-north coastal New South Wales, from whence the colony originated, the maximum weekly temperature that larvae were exposed to in summer was between 23-24° C (P.H.Johnson unpublished data) and a peak in abundance was recorded at this time. Coquillettidia linealis overwinters as larvae, and is able to tolerate temperatures between 8.5° to 15.8° C (mean 11.8° C) from late autumn to early spring (P.H.Johnson unpublished data). In addition, the smaller size of adults produced from the higher laboratory temperatures (23° and 25° C) accorded with general field observations that adults that emerged in the warmer summer months were smaller than those from cooler months (P.H. Johnson unpublished data).
Development of Cq. xanthogaster was slightly quicker than Cq. linealis and the functional thermal range was apparently higher, as some larvae were capable of completing development at 30° C. This reflects the tropical distribution of Cq. xanthogaster that extends north from NSW to beyond the Australian mainland to Melanesia, whereas Cq. linealis is mostly found south from central Queensland to Victoria on the mainland (Lee et al. 1988) . That high temperature was lethal for Cq. linealis but not Cq. xanthogaster indicated that the response was species-specific (and possibly geographical population-specific), and mortality was, therefore, unlikely to be caused by any potentially confounding effects of high temperature on the physiology of wheat plants. Growth and development of Cq. linealis larvae continued at the lower temperatures. At 15° C, some adults emerged, and at 10° C larvae were metabolically active and 2 nd , 3 rd and 4 th instars molted to at least the next instar. Several 4 th instars were maintained at 8° C for at least two months without pupating (data not shown), but the lower thermal threshold was not revealed.
Coquillettidia linealis is a major nuisance biting pest and vector of arboviruses, including Ross River virus, in eastern Australia (Russell and Dwyer 2000, Russell 2002 ). Despite its importance, relatively little is known about the field ecology of the species, principally because the larvae and pupae are cryptic, and spend the duration of their development attached to submerged roots of aquatic emergent vegetation in wetland habitats often inaccessible to larval surveillance. This obligatory association means that, until now, they have been difficult to maintain and rear in laboratory culturesthus precluding opportunities for detailed investigation of the developmental biology of Cq. linealis and other species in the genus Coquillettidia in Australia. This paper and its preceding companion provide valuable insights into aspects of the biology of their immature stages. Further, the colonization described in Johnson and Russell (2019) has also provided for the first formal description of the 4 th instar larva of Cq. linealis.
